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FACTORS FOR CONVERTING INCH-POUND UNITS

TO INTERNATIONAL SYSTEM OF UNITS (SI)

For the convenience of readers who may want to use the International
System of Units (SD , the data may be converted by using the

following factors :

Temperature in degrees Fahrenheit ('F) can be converted to degrees Celsius ( ° C)
as follows

° C = 5/9( °F - 32)

Multiply By To obtain

inches (in) 25 .40 millimeters (mm)

feet (ft) 0.3048 meters (m)

feet per mile (ft/mi) 0.1894 meters per kilometer (m/km)

miles (mi) 1 .609 kilometers (km)

acres 0.4047 hectares

square miles (mil ) 2 .590 square kilometers (km2 )

cubic feet per second (ft 3 /s) 0.02832 cubic meters per second (m 3 /s)



Use of Digital Land-cover Data from the Landsat Satellite
in Estimating Streamflow Characteristics in the

Cumberland Plateau of Tennessee

E.F. Hollyday and G.R . Hansen

ABSTRACT

Characteristics of Streamflow at ungaged sites in coal-mining areas of
the Cumberland Plateau may be estimated with regression equations that
relate streamflow characteristics to the physiographic and climatic charac
teristics of the corresponding drainage basins . An experiment was per-
formed to compare the accuracy of equations using basin characteristics
derived from maps and climatological records (control group equations)
with the accuracy of equations using basin characteristics derived from
digital processing of Landsat spectral data as well as maps and climato-
logical records (experimental group equations) .

Results of this experiment show that (with the exception of low flows
and four of six annual peak logarithms) drainage area can explain more
than 90 percent of the variance in all streamflow characteristics in both
groups of equations . Seventeen of 39 experimental group equations that
have two basin characteristics each are different from the corresponding
control group equations . Five of the 17 differing experimental group
equations have no counterpart in the control group because of lack of
significance in control group basin characteristics, seven are slightly
more accurate, and five are not measurably different in accuracy . When
the equations in both groups are arranged into six flow categories, there
is no substantial difference in accuracy between equations using basin
characteristics derived from maps and climatological records (control
group) and equations using basin characteristics derived from Landsat
tapes as well as maps and climatological records (experimental group) for
this particular study area, the Cumberland Plateau of Tennessee .

INTRODUCTION

Nationally, over the past 90 years, the U.S . Geological Survey has been
collecting records of streamflow at more than 16,000 sites . These records
are used by planners, engineers and water managers for many purposes, such
as determining available water supplies, designing bridges and culverts,
or delineating flood-prone areas .



The general objective of the streamflow data program is to provide
users with water information at any site on any stream . However, it is
impossible to gage every site where data might be needed . In order to
satisfy the need without gaging every site, it is often possible to trans-
fer streamflow information to other sites in areas of relatively homoge-
neous climate, physiography, and geology . Thomas and Benson (1970) describe
a statistical method for transferring the information . The method involves
regressing a single statistical measure of streamflow (such as mean annual
flow derived from the record) against an array of physiographic and cli-
matic characteristics for the corresponding gaged basins within a selected
region. The dependent variable is referred to as a streamflow character-
istic, while the independent variables are known as basin characteristics .
Equations obtained from the multiple regression procedure enable users to
estimate streamflow characteristics at any sites on unregulated streams
simply by determining the basin characteristics for the ungaged site .

In a previous study, May, Wood, and Rima (1970) obtained equations by
the multiple regression procedure for a wide range of streamflow character-
istics throughout the state . Randolph and Gamble (written commun ., 1976)
revised the equations for peak flows.

	

Ho l lyday (1976) concluded that land-
cover data from Landsat satellite imagery can substantially improve the
accuracy of some equations for sites in Delaware and eastern Maryland .
Pluhowski (1977) demonstrated that land-use data from aircraft photography
provide an effective means of significantly improving estimates of stream-
flow in Delaware, eastern Maryland and Virginia .

The objective of the present study is to test the feasibility of
improving upon the regression equations for estimating streamflow in areas
affected by coal mining in the Cumberland Plateau of Tennessee by using
land-cover information derived from digital processing of Landsat spectral
data. The purpose of this report is to summarize the procedures and
significant results of this study .

The digital image analysis of Landsat spectral data was performed in
the Data Analysis Laboratory, EROS Data Center, Sioux Falls, S . Dak. The
multiple linear regressions were performed on the U .S . Geological Survey
Reston Computer with the assistance of W. 0 . Thomas and D . A . Less .

CUMBERLAND PLATEAU STUDY AREA

The Cumberland Plateau, the source of bituminous coal in Tennessee,
trends diagonally 140 miles across the east-central part of the state
(fig . 1) . The essentially flat terrain throughout most of this area lies
900 to 1,000 feet above the Valley and Ridge physiographic province on the
east and the Highland Rim on the west . The southern half of the plateau
is bisected by a large anticlinal valley, the Sequatchie Valley . The
northeast quarter of the plateau contains the highly-dissected Cumberland
Mountains section, which rises some 1,400 feet above the general level of
the plateau to a maximum elevation of 3,534 feet (Miller, 1974) .

The plateau is capped by a sequence of sandstone and shale with minor
amounts of siltstone, conglomerate, and coal of Pennsylvanian age . This
sequence thins to the south, exposing greater thicknesses of the older
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Figure 1 .--Cumberland Plateau study area in east-central Tennessee .



underlying carbonate rocks along the escarpments bordering the plateau .
The sequence thickens by addition of younger beds to the north, where as
much as 3,000 feet of clastic rocks, containing seven commercially impor-
tant coal seams, occur in the Wartburg basin in the Cumberland Mountains
section of the plateau (Luther, 1960) . The relatively insoluble sandstone
and shale capping the plateau have weathered to a thin stony soil that
stores very little water for maintaining streamflow during extended periods
without rainfall . The dense bedrock stores relatively small amounts of
water almost exclusively in fractures and joints .

Forty-one gaged drainage basins were selected within the study area
(table 1) . All but four basins lie partly or wholly within the plateau or
its escarpments . The study basins cover about 70 percent of the plateau
area in Tennessee (fig . 2) . Drainage areas for the selected basins range
from 0 .67 to 954 square miles and have a median of 78 .7 square miles . From
7 to 58 years of streamflow record are available for each of these basins .
Flood peaks were synthesized for only five gages that have records of less

than 10 years .

Mean annual precipitation ranges from 48 to 60 inches, averaging 53

inches ; a minor amount occurs as snow. Runoff in the northwestern half of

the study area drains to the Ohio River by way of the Cumberland River,

while that in the southeastern half drains to the Ohio River by way of the

Tennessee River.

EXPERIMENT DESIGN

The approach used in evaluating digital land-cover information from

Landsat for improving estimates of streamflow, consists of first deriving

and measuring Landsat basin characteristics, and then using these measure-

ments in an analytic experiment . The experiment design was (1) to perform

a meaningful multiple -regression analysis by selecting for each of six

flow categories as many stream-gaging stations from the basins listed in

table 1 as possible, based upon length of streamflow record, (2) to define

a (control) set of equations by relating specific streamflow character-

istics to basin characteristics derived from maps and climatological

records, available in the U .S . Geological Survey Streamflow/Basin Charac-

teristics File, (3) to define a new (experimental) set of equations by

adding basin characteristics defined from Landsat tapes, and (4) to

compare the accuracy for each streamflow characteristic calculated by the

control equation with that calculated by the experimental equation.

BASIN CHARACTERISTICS

CHARACTERISTICS FROM LANDSAT TAPES

The intensity of sunlight reflected from the land surface is recorded

digitally in each 1 .12-acre pixel (resolution element) in the Landsat

tapes . Differences in the reflected light for the most part correspond

with different land-cover types or classes such as water or forest .



Table l .--Drainage basins analyzed for land cover and gaging stations used in multiple regression analysis

[The period of record is given in water years, where a water year begins on October 1 of the preceding year
and ends on September 30 of the indicated year]



Figure 2 .--Drainage basins and gaging stations used in multiple
regression analysis .



All of Landsat-1 image 1265-15494 of April 14, 1973, and part of thenext adjacent image to the south were selected for automated image analysis
on the IDIMS (Interactive Digital Image Manipulation System) at the EROS
Data Center. Analysis began in the unsupervised mode . In this mode, the
computer puts each pixel of terrain information into one of several classes
based only upon the similarity and differences in intensity of reflected
sunlight . No training sets are used to train the computer to identify
water or forest in the image . Occurrences of each class resulting from
this analysis were compared with features seen in 1 : 120,000-scale infrared
aerial photography . This comparison was made to identify those classes
comprising conceptually uniform land-cover types such as cropped fields
and to identify those classes containing conceptually mixed land-cover
types such as water and deep shadow within a single class .

In the second unsupervised classification, the number of required
classes was increased from 20 to 42, while processing effort was concen-
trated upon splitting the classes containing conceptually mixed land-cover
types . The resulting classification was not only compared with aerial
photography but was also checked in the field using line printer overlays
to fourteen 7.5-minute topographic quadrangles in three test sites distrib-
uted over the plateau .

Ultimately, 39 spectral classes were combined into the following eight
land-cover types to be used as Landsat basin characteristics in regressions
with streamflow characteristics :

Basin characteristic

	

Variable name
Water

	

WATER
Deciduous forest, well lit (>80 percent deciduous)

	

DECIDB
Deciduous forest, in shadow (>80 percent deciduous)

	

DECIDS
Coniferous forest (>80 percent coniferous)

	

CONIFE
Mixed forest (<80 percent deciduous ;

X80 percent coniferous)

	

MIXFOR
Covered ground (crops or pasture)

	

COVRGD
Bare ground

	

BAREGD
Dark, coal spoil and asphalt

	

SPOILTA

Typical examples of these land-cover types are shown in figure 3 .

The boundaries of the 41 basins in table 1 were transferred from
1 :24,000-scale maps to 1 :250,000-scale maps and digitized (fig . 4) . The
geographic cordinates associated with the digitized boundaries were then
matched with Landsat coordinates and a basin-wide count was made of indi-
vidual pixels in each class . The pixel counts were converted to area
measurements in square miles and checked against the drainage areas
measured by planimeter from 1 :24,000-scale maps . Measurements were then
converted to percent of basin covered by each of the eight land-cover
types to provide the data set in table 2 .

CHARACTERISTICS FROM MAPS AND CLIMATOLOGICAL RECORDS

Initially, most of the following 14 physiographic and climatic
characteristics were used as independent variables in developing both the
control group and the experimental group of regression equations . Values



Figure 3 .--Typical examples of the eight land-cover types in study
area that were used as Landsat basin characteristics .
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Figure 4.--Geographic coordinate grid and digitized basin boundaries for
measuring Landsat basin characteristics within selected basins .



Table 2 .--Basin characteristics derived from spectral analysis of Landsat-1 digital tapes



for these variables for all 41 drainage basins are available from the U .S .
Geological Survey Streamflow/Basin Characteristics File through program
E796 (Slaughter and Saxowsky, 1974) or J763 (Carrigan, 1977) (table 7) .
Readers may obtain data from WATSTORE or determine the status of these
files and programs by contacting any one of the Water Resources Division
offices in most States .
AREA : Total drainage area, in square miles, including non-contributing

areas .
CONTDA : Drainage area, in square miles, that contributes to surface

runoff .
SLOPE : Main channel slope, in feet per mile, computed by the 85- to 10-

percent method described by Benson (1962) .
LENGTH :

	

Stream length, in miles, measured along channel from gage to
divide .

ELEV : Mean basin elevation, in feet above mean sea level, measured from
topographic maps by transparent grid sampling method (20 to 80 points
in basin were sampled) .

STORAGE : Area of lakes, ponds, and swamps in percent of contributing
drainage area, measured by the grid sampling method .

FOREST : Forested area, in percent of contributing drainage area, measured
by the grid sampling method .

SOIL : Soils index, a relative measure of infiltration, from Soil Conser-

methods used with isohyetal map .
124-2 : Precipitation intensity ; 24-hour rainfall, in inches, that will be

equalled or exceeded on the average of once each 2 years (Hershfield,
1961) .

JANMIN : Mean minimum January temperature, in degrees Fahrenheit (Dickson,
1960) .

JULYMAX : Mean maximum July temperature, in degrees Fahrenheit (Dickson,
1960) .

STREAMFLOW CHARACTERISTICS

The following 51 Streamflow characteristics were used as dependent
variables in developing the regression equations . Values for these vari-
ables for most of the drainage basins are available from the U.S . Geolog
ical Survey Streamflow/Basin Characteristics File through program E796 or
J763 (table 7) . Readers may obtain data from WATSTORE or determine the
status of these files and programs by contacting any one of the Water
Resources Division offices in most States . Flood peaks and peak-flow
statistics are available for all 41 basins in the study area . Average
discharges and variability in average discharges are available for 17
basins . Low flows and flood volumes are available for 15 basins :
PT :

	

Annual

	

flood

	

peak,

	

in

	

cubic

	

feet

	

per

	

second,

	

of

	

T-year

	

recurrence
interval, defined by Log-Pearson Type III fitting, computer program
no . J407 (Kirby, 1979) ; the recurrence intervals of 1 .25, 2, 5, 10, 25,
50, 100, 200 and 500 years are denoted in this report as P1 .25, P2, P5,
etc ., respectively .

vation Service (written commun., 1969) .
LAT GAGE : Latitude of streamgaging station in decimal degrees .
LNG GAGE : Longitude of streamgaging station in decimal degrees .
PRECIP : Mean annual precipitation in inches (Dickson, 1960) ; grid sampling



MEANPK : Mean of logarithms, base 10, of annual peak discharges from com-
puter program no . J407.

SDPK : Standard deviation of logarithms, base 10, of annual peak discharges,
from computer program no . J407 .

SKEWPK : Skew of logarithms, base 10, of annual peak discharges, from cour-
puter program no . J407.

QA : Mean annual discharge, in cubic feet per second, from flow variability
computer program no . W4422 (Price and Meeks, 1977) .

SDA: Standard deviation of mean annual discharge in cubic feet per second
from flow variability computer program no . W4422.

QM : Mean discharge, in cubic feet per second,for "M" calendar month, from
flow variability computer program no . W4422 ; the "M" refers to the
numerical order of the month beginning with January as 1 .

SDM : Standard deviation, in cubic feet per second, of mean discharge for
"M" calendar month, from flow variability computer program no . W4422 ;
the "M" refers to the numerical order of the month beginning with
January as 1 .

MD,T : Low-flow characteristics : annual minimum "D" day mean discharge, in
cubic feet per second, for "T" year recurrence interval, defined by
Log- Pearson Type III Fitting, computer program no . A969 (Meeks,

	

1977) ;
the recurrence intervals of 20 years for the 3-day and 2, 10, and 20
years for the 7-day mean annual minimum discharge are denoted in this
report as M3,20 ; M7,2 ; M7,10 ; and M7,20 respectively .

VD,T : Flood volume characteristic : Annual maximum "D"-day mean discharge,
in cubic feet per second, for "T"-year recurrence interval, defined by
Log- Pe arson Type III fitting, computer program no . A969 ; the recurrence
intervals of 2, 10, and 50 years for the 3 and 7-day mean annual
maximum discharge are denoted in this report as V3,2 ; V3,10 ; V3,50 ;
V7,2 ; V7,10 ; and V7,50 respectively .

WRCSKEW : Skew of logarithms, base 10, of annual peak discharges adapted
from Water Resources Council (1976) and used for frequency curve compu-
tation.

WRCMEAN : Mean of logarithms, base 10, of annual peak discharges adopted
from Water Resources Council (1976) and used for frequency curve compu-
tation.

WRCSD : Standard deviation of logarithms, base 10, of annual peak dis-
charges adopted from Water Resources Council (1976) and used for fre-

quency curve computations .

REGRESSION ANALYSIS

Multiple linear regression analysis defines the relation between a
single streamflow characteristic (dependent variable) and a set of basin
characteristics (independent variables) for a selected group of stream
gaging stations . It provides estimates of the coefficients and constant
in the regression equation with the general form :

y = b(1)X(1) + b(2)X(2) . . . + b(n)X(n)+a

where y = dependent variable,
X(1) to X(n) = independent variables,
b(1) to b(n) = corresponding coefficients, and

a = constant, or y-intercept .

12



It is assumed that the model, or form of the equation, is correct in
that all significant independent variables are included and that a linear
relation is appropriate . In addition, it is assumed that the residuals -
that is, the difference between the observed and calculated values of the
dependent variable - are normally and independently distributed, with a
mean of zero and constant variance . These assumptions were tested in part
by information provided by the output from several procedures in the
computer program SAS (Barr and others, 1976) .

The data were manipulated in the following way prior to developing and
testing the regression model with the use of SAS . The data set of 51
streamflow characteristics and 14 basin characteristics was retrieved from
the Streamflow/Basin Characteristics File using STATPAC program E796 .
This data set was then merged with the data set containing eight Landsat
basin characteristics . The merged data set was passed from STATPAC to SAS
and checked for missing values of streamflow characteristics for some of
the 41 basins . The basins that had missing values were automatically
eliminated from calculations for the corresponding streamflow character-
istics . Before transforming any values to their corrresponding logarithms,
a small constant, representative of the limit of measurement, was added to
all values of an independent variable, any one of which had an initial
value of zero . Thus, the percentage of a basin covered by STORAGE was
increased by 0 .005 percent, and the percentage of a basin covered by WATER,
CONIFE, BAREGD, and SPOILTA was increased by 0.05 percent .

REGRESSION MODEL

All variables were analyzed (by the PROC CO RR procedure)

	

to determine
the degree of correlation among variables . For those pairs of variables
with correlation coefficients greater than 0.8, only one of each pair was
used in regression . There was a very high degree of correlation between
AREA, which may include parts of the topographic basin that do not corn
tribute to surface runoff, and CONTDA, which included only those parts of
the basin which do contribute to surface runoff . For 34 out of 41 basins
in this study area, the two values are identical . AREA was chosen in pref-
erence to CONTDA for regression analysis because it is more easily deter-
mined for any basin . There was also a very high degree of correlation
between AREA and LENGTH, which is to be expected provided basin shape does
not change significantly from basin to basin . AREA was chosen in prefer-
ence to LENGTH because it had a higher degree of correlation with the
dependent variables . The remaining 12 independent variables were used in
the regression analysis even though some correlation coefficients exceeded
0.7 .

Two dependent variables from each of 5 flow categories (flood peak,
mean flow, standard deviation, low flow, and flood volume) were plotted
against the 12 independent variables using the PROC PLOT procedure in SAS .
These plots were compared with corresponding plots using data transformed
to the logarithmic equivalent . Without exception the plots were more lin-
ear, and the deviation from the line of regression was less using loga-
rithmic values for all variables. As a consequence logarithmic values
only were used in all subsequent analyses . However, MEANPK, SDPK, SKEWPK,
WRCSKEW, WRCMEAN, and WRCSD which were already in file as logarithmic
values, were not transformed .
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Multiple linear regressions were performed using the STEPWISE procedure
in SAS . Two dependent variables from each of the 5 flow categories were
selected for regression with the 12 independent variables selected from
PROC CORR . The model was :

log y = b(1) logX(1) + b(2) log X(2) . . . + b(n) logX (n) + a

or its equivalent form :

y = X(l)b(l)X(2)b(2) . . .X(n)b(n)loa .

The following options were used : FORWARD, STEPWISE, MAXR, and MINK .
For the FORWARD and STEPWISE options a significance level for either entry
or retention in the equation was chosen as 0.05, that is no independent
variable would either be entered or retained in the calculated equations
unless it had at least a 95-percent probability of effectiveness in
explaining the variance . The four options differ in the degree to which
each searches for a "best" model . FORWARD and STEPWISE settle on a single
model within the limits specified for variable significance . MAXR and
MINR give the "best" one-variable, two-variable, three-variable model on
out to a model containing all independent variables. In addition MAXR and
MINR check every variable not included in the model to see if the model
could be improved by substituting this variable for any variable already
in the model .

The results of the regressions using FORWARD and STEPWISE were iden-
tical . Results using MAXR were practically identical with those using
STEPWISE within the limits imposed by the significance level . For models
with four or less variables, the "best" model for MINR was almost without
exception the same as the "best" model for MAXR .

The form of the model was also checked using the GLM (General Linear
Model) procedure in SAS . Based upon the results of the STEPWISE procedure,
a two- or three-variable model, with fixed independent variables, was
stated for each flow category, and equations were computed for all 51
streamflow characteristics . The residuals were plotted against each of
the independent variables . Without exception the residuals appeared to be
evenly and uniformally distributed about the zero reference .

Residuals were also plotted on maps . The only obvious trend was a
tendency for positive residuals for low flows to occur in basins draining
large parts of the escarpment along the northwest edge of the Cumberland
Plateau . A positive residual is the result of the observed value of low
flow exceeding the computed value . There is a tendency for negative resid-
uals for flood peaks in this same area . Both anomalies may be attributed
to unusually large basin storage in this area where many streams are
diverted for several miles underground in the limestone bedrock cropping
out along the escarpment .

An attempt was made to derive meaningful models for low flows and
annual peak logarithms . For most low flow equations, less than 50 percent
of the variance could be explained . The few low flow equations that could
be derived had excessive standard errors and contained illogical regression
coefficients and constants. Equations for four of the annual peak loga-
rithms, SDPK, SKEWPK, WRCSKEW, and WRCSD, could explain no more than 20
percent of the variance .

1 4



In addition to indicating an appropriate model for the remaining flow
categories, the results from STEPWISE and GLM revealed that more than 90
percent of the variance could be explained by a one-variable model using
AREA . With so much variance explained by a single independent variable,
it was anticipated that there would be little opportunity to improve upon
the model by adding an additional variable, whether the additional vari-
able was obtained from maps and climatological records or from analysis of
Landsat tapes .

The experiment design envisioned that a control group of equations
would be computed with GLM using basin characteristics derived from maps
and climatological records . Also, an experimental group of equations would
be computed using basin characteristics derived from Landsat tapes as well
as from maps and climatological records . The standard error of estimate
of the dependent variable for the two groups of equations would then be
compared to see if any reduction in standard error could be considered a
substantial improvement upon the,original (control group) equations . How-
ever, because AREA explained more than 90 percent of the variance in so
many cases, the experiment design was modified to take this fact into
account .

Rather than using GIM, in which the independent variables are fixed
in a model statement regardless of their effectiveness in explaining the
variance, STEPWISE was used to derive a "best" one-variable model and a
"best" two-variable model . This was done first for each of the 51 stream-
flow characteristics in the control group of equations and then for each
of these same streamflow characteristics in the experimental group . A
fair test of the effectiveness of the basin characteristics derived from
Landsat for improving the equations was made by comparing the degree of
improvement in the control group due to adding a second variable to the
equation with the degree of improvement in the experimental group due to
adding a second variable .

REGRESSION EQUATIONS

Tables 3 and 4 summarize the results of the multiple-regression
analyses . The first column contains the streamflow characteristic (Y)
coded in accordance with the descriptions given in the section of this
report titled "Streamflow Characteristics ." The next 10 columns in table
3 (14 columns in table 4) contain the regression coefficients, b(n), for
those basin characteristics (out of a total of 12 derived from maps and
climatological records and 8 derived from Landsat tapes) which have a
95-percent probability of explaining the variance and that cause the
greatest reduction in the standard error. The basin characteristics are
explained in the section of this report titled "Basin Characteristics ."
The next column lists the regression constant exponent (a) corresponding
to a particular streamflow characteristic . Because of differences among
gaging stations in regard to length of record or purpose of record, not
all 41 stations were used in defining each of the regression equations in
tables 3 and 4 . The column giving the number of stations used in each
regression follows the column listing the regression constant exponent .
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Table 3 .--Control group equations relating streamflow characteristics to physiographic and climatic characteristics of drainage basins as determined
from maps and climatological records and statistical parameters and improvement in one-variable equations due to adding a second variable
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Table 3.--Control group equations relating streamflow characteristics to physiographic and climatic characteristics of drainage basins as determined
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Table 4. -- Experimental group equations relating streamflow characteristics to physiographic and climatic characteristics of drainage basins
as determined from maps and climatological records, and Landsat tapes and statistical parameters and improvement in one-variable equations
due to adding a second variablerE
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Each table shows two equations for each flow characteristic . The top
line for a characteristic shows the most accurate equation when using only
one independent variable . The second line for the same characteristic
shows a more accurate equation based upon two independent variables .

The last four columns in tables 3 and 4 give statistical parameters
defining the accuracy of the equations and improvements in accuracy due to
including an additional independent variable. The R-square parameter mea
sures how much variation in the dependent variable can be accounted for by
the model . Specifically, R-square is the ratio of the sum of squares for
the dependent variable that can be attributed to the model divided by the
total sum of squares for the dependent variable . It can range from 0 to
1, and in general the larger it is, the better the model fit . A value of
0 .9671 indicates that we can account for 97 percent of that streamflow
characteristic just by knowing the corresponding independent variable(s) .

The mean square error, in the next column, is an estimate of 62 ,

the variance of the true residuals . It is the ratio of the sum of squares
for the dependent variable that can not be attributed to the model divided
by the degrees of freedom . Its value is partly dependent upon the magni-
tude of values in the dependent variable but, in general, the smaller it
is, the better the model fit . The standard error of estimate of the depen-
dent variable, or simply standard error in the next column, is another
measure of equation accuracy . It is the average difference between input
data for the dependent variable and data estimated for the dependent vari-
able by the regression equation . In this sense it is actually the standard
error of regression . The errors, in percent, are not normally distributed,
and as a consequence, the standard error of estimate, in percent, given in
this report is approximately the average of the positive and negative per-
centages . Standard error, in logarithmic units, was converted to percent
by the method described by Hardison (1971) .

The last column in tables 3 and 4, change in standard error, lists
the improvement in the standard error of estimate of the streamflow char-
acteristic due to including a second independent variable in the equation
in those cases where a second independent variable was significant at the
5 percent level for entry into the model .

To illustrate the use of the regression equations, assume that the
1 .25-year flood peak (P1 .25) is required for New River at New River,
Tenn., station 3408500, (table 1) . From regression analysis using data
from maps and climatological records (table 3) we have

P1 .25 = AREA(0 " 9 061) SLOPE(O" 1867) 10(1 .5683) + 26 percent

and from basin characteristics for New River at New River (table 7) we have

P1 .25 = 3820 - 9061 7.060-1867 101.5683

P1 .25 = 218.6(1 .440) 37 .01
P1 .25 =

	

11,600

	

ft3/s

or from regression analysis using data from maps and climatological
records, and Landsat tapes (table 4) we have

P1 .25 = AREAO.8330 COVRGD-0 " 1939 102-1967 + 25 percent

and from basin characteristics for New River at New River (table 7 and
table 2) we have
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P1 .25 = 3820 " 8330 3.5-0 .1939 102 . 1967
P1 .25 = 141.5(1/1 .28) 157.3
P1 .25 =

	

17,400 f t3 /s

These regression equations were developed solely for the purpose of
testing the usefulness of basin characteristics derived from Landsat for
improving regression estimates . These equations are not intended to
replace existing operational regressions (W . J. Randolph and C . R . Gamble,
written common., 1976) or regressions developed in the future for opera-
tional use .

Table 5 lists the occurrence of significant independent variables in
the "best" two-variable equations . A few independent variables occur
repeatedly in the equations . With the exception of low flows, AREA occurs
in every equation in both the control group and the experimental group
wherever a variable was found to be significant within at least a 95 per-
cent confidence limit . In both groups of equations LNGGAGE was found to
be the one most effective variable in explaining the variance in low flows .
LNGGAGE may be a surrogate for differences in ground-water occurrence
affecting streamflow. Stations with a large value of LNGGAGE would tend
to lie on the west side of the study area where the corresponding basins
are more likely to contain parts of the eastern Highland Rim. The soil
and weathered rock capping the Highland Rim is much thicker and more water-
bearing than the corresponding material capping the Cumberland Plateau .
In addition, large springs occur in the limestone underlying the streambeds
in the escarpment along the western edge of the Cumberland Plateau .

Independent variables (basin characteristics) were found to be signifi-
cant in five more experimental group equations than in control group equa-
tions (table 5) . In the control group equations, AREA occurs in 33 out of
34 while in the experimental group, AREA occurs in 36 out of 39.

	

In both
groups, SLOPE is next to AREA in explaining the variance in flood peaks,
and ELEV is next to AREA in explaining variance in mean flows and mean flow
variability (standard deviation) .

In the experimental group equations, WATER and COVRGD which tend to
occur in flatter areas appear to be substituting inversely for SLOPE in
equations for flood peaks of either very small or very large recurrence
interval . DECIDB which is more common in the Cumberland Plateau than in
the adjacent escarpments, Highland Rim, or Sequatchie Valley appears to be
substituting for ELEV or FOREST in equations for mean flows and mean flow
variability . Although SPOILTA occurs in three of the experimental group
equations for flood volumes, the value of the coefficient is so small that
the value of SPOILTA approaches 1 .0 resulting in only minor adjustments in
the calculated value for flood volume .

The following independent variables do not occur in any of the equa-
tions because either they were not significant within at least a 95 percent
confidence limit or they did not improve the accuracy of the equations as
much as other independent variables : SOIL, LATGAGE, DECIDS, and MIXFOR .

ACCURACY COMPARSIONS
As would be expected, where significance was achieved, all two-variable

equations are more accurate than the corresponding one-variable equation.
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Table 5 . -- Basin characteristics found to be signficantly related to streamflow

[The number in the table denotes the number of 2-variable equations in which the indicated basin characteristic was found significant]



Within the experimental group of equations, 17 two-variable equations are
different from the 17 corresponding two- variable equations in the control
group . The remaining 22 equations are identical to the corresponding equa-
tions in the control group . The 17 differing equations in the experimental
group contain basin characteristics derived from Landsat tapes . Five of
these 17 are equations for which a second independent variable was found
significant within at least a 95 percent confidence limit in the experi-
mental group but not in the control group . Of the remaining 12 equations,

measured by standard error) by 3 percent
group, none are less accurate, and 5 are

7 equations are more accurate (as
or less than those in the control
not measurably different .

Table 6 compares the experimental group with the control group as to
improvement in accuracy where the 34 control group equations and corre-
sponding 34 experimental equations are grouped according to six flow
characteristic categories . When considering the mean error for each flow-
category group there is no substantial difference in accuracy between
control group and experimental group .

Table 6 . -- Comparison of improvement in standard error of control group
equations versus experimental group equations as a result of adding
a second independent variable

[Only those relationships are considered for which a second variable
was found significant within at least a 95 percent confidence limit in both
control group and experimental group]

[The standard error in percent is an average of the plus and minus
percentages because errors expressed in percent are not normally distributed]
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SUMMARY AND CONCLUSIONS

This study tested the feasibility of improving upon the regression
equations for estimating streamflow by using land-cover information
derived from digital processing of Landsat spectral data . The Cumberland
Plateau of Tennessee is a source of bituminous coal where the essentially
flat terrain is underlain by coal-bearing sandstone and shale that caps
several thousand feet of soluble carbonate rocks . The relatively insol-
uble sandstone and shale weather to a thin, stony soil . Streamflow records
are available for 41 basins having a median drainage area of 78.7 square
miles . An experiment was designed to compare the accuracy of equations
using basin characteristics derived from maps and climatological records
(control group equations) with the accuracy of equations using basin char-
acteristics derived from Landsat tapes as well as maps and climatological
records (experimental group equations) .

Basin characteristics were derived from Landsat tapes by computer
analysis of the sunlight reflected from each 1 .12-acre pixel in the study
area . The results of two unsupervised classifications were combined to
provide information on the percent of each drainage basin covered by water,
forest, covered ground, bare ground, and dark, coal spoil and asphalt .

Basin characteristics derived from maps and climatological records
cover a wide range of characteristics found to be significant in several
previous studies . They include drainage area ; main channel slope ; stream
length ; mean basin elevation ; lake, pond, and swamp area; forest area ;
soil infiltration index ; latitude and longitude of the gage ; mean annual
precipitation; precipitation intensity ; and mean minimum January and mean
maximum July temperature .

Streamflow characteristics derived from the records of the daily dis-
charge of 41 gaged basins are representative of the full range in flow
conditions and include all that are commonly used for design or planning .
They include annual flood peaks with recurrence intervals of 1 .25, 2, 5,
10, 25, 50, 100, 200 and 500 years ; mean annual and mean monthly dis-
charges ; standard deviation of the mean annual and mean monthly discharges ;
low--f lows ; flood volumes ; and annual peak discharge logarithms .

These characteristics were checked for the degree of correlation among
them. Two independent variables, contributing drainage area and stream

of values for both streamflow
were used in regressions rather
using actual values with plots

were regressed

length, were eliminated . The logarithms
characteristics and basin characteristics
than actual values after comparing plots
using the logarithms of values . Streamflow characteristics
with basin characteristics and plots of the residuals were checked for
zero mean and constant variance . Although the regression coefficients in
equations for low flows were not meaningful, the mapped distribution of
residuals for low flows implied a direct relation between abnormally large
low flows and a location of the gage far downstream from a reach of stream
that loses part or all of its flow to the underlying rocks . No reasonable
models could be developed either for low flows or for most annual peak
discharge logarithms . For the remaining flow categories, preliminary
results of the regression analysis showed that AREA could explain more
than 90 percent of the variance in the streamflow characteristics .
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Streamflow characteristics were regressed with basin characteristics
to derive a "best" one-variable equation and a "best" two-variable equa-
tion. These equations were derived solely for testing Landsat basin
characteristics for improving the regression estimates, and they are not
intended to replace existing operational regressions (W . J . Randolph and
C. R . Gamble, written commun., 1976) . The area of the gaged basin occurs
in every equation wherever a variable was found to be. significant within
at least a 95 percent confidence limit . Main channel slope is next to
basin area in explaining the variance in flood peaks and flood volumes .
In the experimental group equations with two variables, water or covered
ground appears to be substituting inversely for main channel slope in
equations for flood peaks . Also, well-lit deciduous forest appears to be
substituting for mean basin elevation or forest area in equations for mean
monthly discharge and standard deviation of mean monthly discharge .

Seventeen experimental group equations with two variables are different
from the corresponding control group equations . Of these, five have no
counterpart in the control group because of lack of significance in control
group variables, seven are more accurate, and five are not measurably dif-
ferent . When the equations are grouped according to flood peak, annual
peak discharge logarithms, mean flow, standard deviation of mean flow, low
flow and flood volume, there is no substantial difference in accuracy
between equations using basin characteristics derived from maps and clima-
tological records (control group) and equations using basin characteristics
derived from Landsat tapes as well as maps and climatological records
(experimental group) in this particular study area .

In contrast to this study, other studies employing the same methods
have shown that land-cover or land-use data from either satellite imagery
or aircraft photography can significantly improve estimates of Streamflow
(Hollyday, 1976, and Pluhowski, 1977) . The site of these latter studies
was in the Coastal Plain of Maryland, Delaware, and Virginia where the
soils are thick and are underlain by water-bearing sediments which store
abundant water for maintaining Streamflow during extended periods without
precipitation . In contrast, this study area has thin soils and has sand-
stone and shale with little .capacity to store significant quantities of

water for maintaining streamflow. The differences in the two sites may
account for the fact that the techniques described in this report were

successful in previous studies but not in this study .
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03596000 110 .9000 175 .4000 323 .7998 274 .5000 195 .5000 149 .0000 84.0000 56 .9400 42 .0100 36 .7700
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